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A B S T R A C T   
Microplastic (MP) pollution is a key global environmental issue and laboratory exposure studies on aquatic biota 
are proliferating at an exponential rate. However, most research is limited to treatment-level effects, ignoring 
that there may be substantial within-population variation in responses to anthropogenic stressors. MP exposure 
experiments often reveal considerable, yet largely overlooked, inter-individual variation in particle uptake 
within concentration treatments. Here, we investigated to what degree treatment-level responses to MP exposure 
may be affected by variation in MP ingestion rates in the early life stages of a marine fish, the Gilt-head seab-
ream, Sparus aurata. First, we tested whether MP ingestion variation is repeatable. Second, we assessed to what 
degree this variation may determine individual-level effects of MP exposure on fitness-related behavioural 
performance (i.e., escape response). We found that consistent inter-individual variation in MP ingestion was 
prevalent and led to differential impacts within exposure treatments. Individuals with high MP ingestion rates 
exhibited markedly inferior escape responses, a result that was partially concealed in treatment-level analyses. 
Our findings show that the measured response of populations to environmental perturbations could be 
confounded by variation in individual-level responses and that the explicit integration of MP ingestion variation 
can reveal cryptic patterns during exposure experiments.   
1. Introduction 
Natural populations consist of individuals that exhibit diverse levels 
of variation in phenotypic traits. This variation is the raw material of 
natural selection and has central consequences for the eco-evolutionary 
dynamics of populations and communities (Bolnick et al., 2011; Violle 
et al., 2012). In times of rapid environmental change, a better under-
standing of individual-level variation in the response to anthropogenic 
stressors will thus be important for efficient conservation strategies (Sih, 
2013). However, empirical studies on such responses typically report 
impacts as a treatment-level effect, thereby implicitly assuming that 
conspecifics are ecologically equivalent. This approach may misrepre-
sent the impact of the examined stressor, as a lack of treatment-level 
impacts may be masking more subtle yet important individual-level ef-
fects (Harding et al., 2019). 
One of the most prominent emergent contributors to global envi-
ronmental change is the contamination of natural systems with plastic 
litter (Thompson and Napper, 2018). Plastic waste is being generated at 
an exponential rate (Jambeck et al., 2015), which has led to a significant 
increase of plastic debris in marine ecosystems over recent decades 
(Ostle et al., 2019). Microplastics (MPs), most recently defined as par-
ticles of 1 to 1000 µm in size (Hartmann et al., 2019), have been found at 
varying concentrations in virtually all marine environments, ranging 
from surface waters to the deep sea and from coral reefs to the Arctic ice 
sheet (Auta et al., 2017; Rezania et al., 2018). The abundance of MPs in 
natural systems is believed to increase exponentially with decreasing 
particle size (Cózar et al., 2014; Erni-Cassola et al., 2017) and emerging 
sampling approaches revealed seawater concentrations of small MPs (<
333 µm) orders of magnitude higher than previously reported (Brandon 
et al., 2020). Even if all input of plastic waste into the oceans stopped 
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today, the fragmentation of debris already in the system would result in 
a continued increase in MP abundance (Thompson and Napper, 2018). 
The weight concentration of pelagic MPs has been predicted to double 
by 2030 and quadruple by 2060 (Isobe et al., 2019). 
Their pervasive nature and small size make MPs available for 
ingestion by a wide range of aquatic organisms (Wright et al., 2013), and 
gut content analyses confirm uptake of small plastics by nearly all 
investigated species, including annelids, bivalves, molluscs, echino-
derms, cnidaria, crustaceans, zooplankton, fishes, reptiles, birds and 
mammals (Egbeocha et al., 2018; Markic et al., 2019; Rezania et al., 
2018; Wesch et al., 2016). Potential adverse effects of MP ingestion have 
been suggested to arise from direct (inherent chemicals) and/or indirect 
(adhered chemicals or microbes) toxicity, or physical effects such as gut 
inflammation or blockage (Jovanović, 2017; Wright et al., 2013). 
Moreover, ingestion of indigestible particles may impose energetic costs, 
potentially increasing vulnerability to predation by forcing individuals 
to increase their foraging activity to compensate for reduced energy 
efficiency (Watts et al., 2016; Wen et al., 2018; Yin et al., 2018). 
In fishes, uptake of MPs chiefly occurs in three ways: (i) inadver-
tently or passively during foraging, drinking or respiration (most rele-
vant for very small particles and/or large fishes), (ii) via trophic transfer, 
or (iii) deliberately by mistaking plastic particles for food (Roch et al., 
2020). Visual similarity to prey items has been shown to drive MP 
ingestion in several fish species (Mizraji et al., 2017; Ory et al., 2018, 
2017) and likely represents an important pathway of ingestion for 
micro- and mesoplastics (Lusher et al., 2017). 
Uptake of MP particles, however, is not uniform across individuals. 
Controlled MP exposure experiments in fishes often yield high inter- 
individual variation in MP ingestion even within the same particle 
concentrations (Table 1). Albeit largely overlooked, this variation may 
represent more than sampling noise (Harding et al., 2019). Recent 
research indicates that inter-individual MP ingestion variation is not 
random within populations but may covary with phenotypic traits in 
juvenile anemonefish (Nanninga et al., 2020). Moreover, zebrafish were 
shown to recognise MPs as non-edible and actively avoid ingestion or 
spit out captured particles in some instances (Kim et al., 2019). If such 
individual-level MP preference and/or avoidance patterns are consistent 
over time, they may exert strong selective pressures on feeding behav-
iour by co-determining vulnerability to plastic pollution. 
Phenotype-dependent variation in MP ingestion may thus have se-
vere consequences for natural populations. Two fish larvae encountering 
the same concentration of MPs in the wild may be affected in very 
different ways, depending on whether one ingests a much larger quan-
tity than the other. On the population level, these differences may 
translate into non-random effects of MP pollution, where certain phe-
notypes are consistently more affected than others due to inherent dif-
ferences in (MP) ingestion behaviour. 
Ignoring inter-individual variation in MP ingestion during experi-
ments may lead to inaccurate conclusions about the consequences of MP 
exposure. Exposure studies typically report mean-level effects of 
different MP treatments (e.g. control vs. different MP exposure con-
centrations) on a specific toxicity endpoint (e.g. performance, growth). 
Past studies have shown that MP ingestion can be unrelated to particle 
exposure concentrations in certain marine and freshwater fish species 
(Critchell and Hoogenboom, 2018; Mbedzi et al., 2020) and that 
increasing MP concentrations can correlate with an increasing coeffi-
cient of variation in ingestion rates (Nanninga et al., 2020; Roch et al., 
2020); i.e., high concentration treatments still contain individuals with 
very low ingestion rates. Thus, if only a certain proportion of the pop-
ulation actually ingests notable amounts of MPs, within-treatment ef-
fects may vary significantly across individuals. In a situation of 
prolonged MP exposure, whether in an experimental or natural context, 
this effect will be magnified if ingestion variation is consistent within 
individuals, rather than entirely stochastic. 
Here we assessed the potential individual-level effects of MP expo-
sure on behavioural performance in early life stages of Gilt-head bream, 
Sparus aurata. The aims of this study were two-fold: Firstly, we used 
repeated measures of MP ingestion to assess the consistency of inter- 
individual variation. In other words, we aimed to test whether inges-
tion variation is random (variable between and within individuals) or 
stable over time (variable between but consistent within individuals). 
Secondly, we compared the treatment- and individual-level effects of MP 
exposure on escape performance by measuring startle response param-
eters in combination with MP gut contents. If MP ingestion varies non- 
randomly and consistently between individuals, actual exposure and 
associated impacts may not be homogenous within treatments, high-
lighting the potential for ecological and analytical consequences of MP 
ingestion variation. 
Table 1 
Within-treatment variation in microplastic (MP) ingestion. The table presents a list of values extracted from published exposure studies on marine and freshwater fishes 
identified by a non-exhaustive literature review. Calculated coefficients of variation (CV) are compared to expected CVs relative to mean ingestion, assuming a Poisson 
distribution (expected CV = 1/sqrt(mean)).  
Species Polymer Concentration 
[MPs/L] 








SD CV Expected 
CV 
Study 
Amphiprion ocellaris PE 500 180–212 10 110 304 104 0.95 0.10 1   
100  10 79 231 75 0.95 0.11    
50  10 37 109 43 1.16 0.16    
10  10 10 25 8 0.80 0.32  
Danio rerio PE 2300 250–300 14 180 580 150 0.83 0.07 2   
920  15 72 125 67 0.93 0.12    
2760  5 5 15 6 1.20 0.45  
Diplodus sargus PS 4.2 500–1000 151 9 78 19 2.11 0.33 3   
4.2  152 4 20 6 1.50 0.50  
Mugil cephalus PS 2500 100–1000 10 90 n/a 126 1.40 0.11 4 
Myoxocephalus 
brandti 
PE 138,000 27–32 5 63 n/a 99 1.57 0.13 5   
13,800  5 28 n/a 40 1.43 0.19  
Oncorhynchus mykiss Mix 9.1 1000–2000 50 6 n/a 13 2.17 0.41 6 
Pomacentrus 
amboinensis 
PS 50 200–300 60 4.4 33 5.7 1.30 0.48 7 
Thymallus thymallus Mix 9.1 1000–2000 50 5 n/a 13 2.60 0.45 6 
Tilapia sparrmanii PE 77 125 5 21 28 11 0.52 0.22 8 
Polymer: PE = Polyethylene, PS = Polystyrene; SD = standard deviation; CV = coefficient of variation; Studies: 1 = (Nanninga et al., 2020), 2 = (Kim et al., 2019), 3 =
(Müller et al., 2020), 4 = (Avio et al., 2015), 5 = (Hasegawa and Nakaoka, n.d.), 6 = (Roch et al., 2020), 7 = (McCormick et al., 2020), 8 = (Mbedzi et al., 2020). 
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2. Methods 
2.1. Study species 
Gilthead seabream larvae, Sparus aurata (Linnaeus, 1758), used in 
this study were provided by a commercial mariculture facility (ARDAG 
Red Sea Mariculture Ltd., Israel), and were the progeny of an adult 
breeding stock of 87 females and 43 males (mean weight: 1.71 kg, fe-
males; 1.00 kg, males). The breeding stock is from a self-source (i.e., fish 
bred by the facility). They are kept at 23–26 ◦C. The hatchery has several 
breeding schools which are used interchangeably. Usually a school will 
be used for 6–10 weeks before rotating out for ~3 months. Sparus aurata 
is a euryhaline marine fish with a broad geographic distribution. 
Reproduction occurs in the open sea where larvae develop for 50–60 
days before they migrate to coastal lagoons and estuaries as juveniles 
(Tandler et al., 1995). Sparus aurata is an important aquaculture species 
and thus commonly used as model organism in feeding experiments (e. 
g., Sommerfeld and Holzman, 2019 and references therein). 
After yolk-sac absorption, larvae were fed with a mixture of live 
Rotifers and Artemia until 38 days post-hatching (dph); the diet then 
switched to commercial dry food (< 300 µm). At day 45 dph, approxi-
mately 300 individuals were collected and transported to the Inter- 
University Institute, Eilat. All experiments were conducted in a 
temperature-controlled room (22 ◦C) with an automated light regime of 
12 light:12 dark. 
2.2. Characterisation of employed particles 
Fluorescent orange Polyethylene microspheres were purchased from 
Cospheric (Santa Barbara, US, UVPMS-BO-1.03). These particles have a 
narrow size distribution (180–212 µm), a uniform spherical shape and a 
density of 1.03 g cm− 3. According to the supplier, no solvents are used 
during the manufacturing processes and all ingredients are inert. Par-
ticles consist of pure Polyethylene with an encapsulated fluorophore 
(excitation and emission wavelengths of 606 nm and 577 nm, respec-
tively). Polyethylene is one of the most commonly found polymers in 
marine environmental samples (Shahul Hamid et al., 2018) and yellow 
to brown make up the second most commonly found colour range after 
white-transparent (Martí et al., 2020). These particles also were chosen 
because of their (a) fluorescence, facilitating quantification in the water 
and inside the exposed fish, (b) size range, resembling that of the fishes’ 
natural zooplankton prey, and (c) near neutral buoyancy, facilitating 
random and long-lasting distribution of particles in the water column 
through turbulence created by an air stone. Particles were supplied to 
treatments from a stock solution of 6.15 × 106 particles l− 1 (25 g l− 1), 
prepared in 0.1% Tween-20 surfactant (Cospheric) to avoid aggregation 
of particles. In the fast start experiment (point 2.4), tween was also 
added to the control to account for any potential effects it might have on 
fish behaviour; the final concentrations of Tween in the water were 
approximately 1.7 × 10− 5 %. 
2.3. Repeatability of microplastic ingestion variation 
Based on existing reports of rapid gut clearance times of spherical MP 
particles in marine and freshwater fishes (Hoang and Felix-Kim, 2020; 
Huuskonen et al., 2020; Kim et al., 2019; Mazurais et al., 2015), we 
devised an approach to assess the repeatability of individual-level MP 
ingestion by quantifying particle egestion after exposure. Prior to the 
actual experiment, we tested the method during a pilot trial (see Sup-
plemental Material (SM)). 
First, 40 fish (size: 22 mm ± 1.53 SD) were isolated in individual 
0.75-L glass holding jars filled with 0.5 L of filtered seawater at 49 dph 
and acclimated for 48 h prior to first exposure (temperature: 22 ◦C, 
salinity: 40‰). During this time, fish were fed once per day with 
5 mg L− 1 of commercial dry food (the same food as they had previously 
received at the hatchery). After the acclimation period, individual-level 
plastic ingestion was assessed repeatedly during five consecutive days. 
Between 10 and 11 am each day, approximately 500 MP particles 
were added to each jar from the stock solution (equating to 103 particles 
L− 1 or 4.1 mg L− 1). This particle concentration was chosen to avoid a 
limit to the possible number of particles each individual could consume 
while remaining ecologically relevant (see SM for further discussion). 
The fish were left with the particles for 2 h. Particles were slightly 
negatively buoyant and were kept in suspension by an air stone, set to 
equal bubbling levels in each jar. 
After the exposure period, each fish was removed from its jar with a 
small hand net and placed in a 4 cm Petri dish filled with fresh, filtered 
seawater. Any MP particles inadvertently transferred with the fish were 
removed using a pipette. Identification of particles was facilitated by a 
UV-torch illuminating the fluorescent spheres. Fish were then placed 
into a new jar with fresh, filtered seawater with constant aeration, fed 
with 5 mg L− 1 of dry food and left overnight (∼ 21 h). 
In the morning of the following day, the bottom of each jar was 
checked for excreted microspheres using a UV-torch. Recent research in 
fathead minnow larvae showed that excreted MPs are coated with in-
testinal fluid that is denser than water, resulting in aggregation and 
sinking of the particles (Hoang and Felix-Kim, 2020), and our pilot 
experiment showed that there is little re-ingestion of excreted particles 
(see SM). If particles were present at the bottom of the jar, they were 
removed with a pipette and counted under a dissection microscope 
(Fig. S1). Particles were then added again to each jar for 2 h. This pro-
cedure was repeated five times. After the fifth trial (i.e., in the morning 
of the sixth day), all fish were euthanized via cold shock, measured to 
the nearest millimetre and dissected to quantify any particles left in the 
digestive tract. 
2.4. Startle response trials 
From the same cohort of S. aurata larvae as used in the repeatability 
experiment, 180 and 42 randomly chosen individuals were placed into 
an 80-L and a 20-L aquarium, respectively, at 49 dph and left to accli-
mate for 48 h. We then added MP particles from stock solution at a 
concentration of approximately 103 particles L− 1 (4.1 mg L− 1) to the 
larger aquarium (i.e., the plastic treatment), resembling the concentra-
tion of the repeatability experiment. Particles were held in suspension 
by two large air stones positioned at two opposing corners of the tank. 
The smaller aquarium acted as control (0 mg L− 1). 
The differential sizes of the two treatment groups were based on the 
outcome of the repeatability pilot experiment, showing that only a small 
fraction of individuals could be expected to ingest relatively large 
amounts of particles (i.e., ~20%; see SI). The sample size of 180 in-
dividuals was thus employed with the aim to end up with a sub-group of 
individuals from the plastic treatment with relatively high MP ingestion 
that would be roughly comparable in size to the control group (i.e., 20% 
of 180 = 36). 
Both treatment groups were fed once per day with commercial dry 
food at 5 mg L− 1. Each morning starting on the second day, 2/3 of the 
water in both tanks was replaced. Air stones were removed 1 h in 
advance to allow waste (and MP particles in the treatment tank) to 
settle. Wastes (and microspheres) were then siphoned out into a bucket 
and fresh, filtered seawater was added to refill the tanks. The concen-
tration of remaining microspheres in the treatment tank was assessed by 
removing 3 × 10 ml of water from the centre of the tank with a pipette 
and counting particles under a dissection microscope. New microspheres 
were then added to achieve a concentration of 103 particles L− 1 again. 
After five days, all individuals were tested in a vibration-based startle 
response set-up to assess individual-level escape performance. Individ-
ual fish were removed from the treatment tanks with a small hand net 
and placed into a 9 cm Petri dish. Water depth was set to 2 cm to limit 
vertical movements. Six dishes holding one fish each were then placed 
onto the platform of the startle set-up. The set-up consisted of an illu-
minated bottom plate on which the dishes were positioned in a circular 
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pattern around a tapping device driven by an electromagnet (Fig. S2). 
The tapping stimulus could be triggered remotely and was synchronized 
with an LED to signal the exact moment of the vibration stimulus. The 
entire set-up was covered on all sides with Styrofoam to avoid visual 
disturbance during the test. After an acclimation period of 2 min, a fast 
start was evoked by triggering the vibration stimulus. The reactions of 
the six fish were filmed from above at 350 frames per second using a 
high-speed video camera (1024 × 1024 pixels resolution; Photron SA3 
120K, Photron, Japan). After the experiment, all individuals were 
euthanized via cold shock, measured to the nearest millimetre and 
dissected to quantify particle ingestion (Fig. S1). 
2.5. Video analysis 
Videos were analysed using a custom algorithm in MATLAB (see SM 
for a full explanation). The following two kinematic variables of the fast 
start were extracted: 
Response latency: the time interval (in milliseconds) between the 
stimulus onset and the first movement leading to the escape. The tem-
poral resolution of this variable was 2.86 ms, imposed by the employed 
frame rate. 
Response strength: a standardised measure of the intensity of the re-
action to the stimulus computed as the total number of pixels in the 
video frame that changed due to the fish’s movement in a predefined 
period of time (37 ms), chosen to incorporate stages 1 and 2 of the fast 
start (average duration = 31.4 ms). Stages 1 & 2 represent the first two 
axial bends as defined by Domenici and Blake (1997), which is consid-
ered to be the key period for avoiding ambush predator attacks (Webb, 
1976) (please refer to SM for a more thorough discussion of this 
variable). 
Conceivably, larger individuals yielded a higher relative change in 
pixels when exhibiting similar levels of response strength than smaller 
conspecifics. Response strength scores were hence scaled according to 
fish length (in mm) by the inverse of the linear relationship between raw 
response strength and fish length (y = 262.2x + 2820; scaled response 
strength = y + 2820 / 262.2x). Both response latency and strength were 
only measured when fish performed a C-start (commencement of fast 
start that results in the individual forming a C-shape (Domenici and 
Blake, 1997)). 
The distance of the fish from the wall of the Petri dish can affect the 
nature of the startle response (Domenici and Blake, 1997). To account 
for potential bias introduced by varying positions of individuals within 
the dish, the shortest distance (in mm) of the centre of mass of each fish 
to the dish wall was measured from a still image at the onset of the 
stimulus. This variable was later included as a covariate in the model 
selection process described below. 
2.6. Natural food ingestion 
We also explored existing data on individual-level ingestion rates of 
natural food items in S. aurata larvae. This data had been collected in 
2012–2013 on fish sourced from the same hatchery as the ones used in 
the current experiments (China and Holzman, 2014). Larvae of ages 8, 
13 and 23 dph (n = 122, 84 and 81, respectively) were offered rotifers at 
a concentration of approximately 100 individuals ml− 1 for 30 min and 
were then euthanised and dissected to quantify ingestion rates. Ingestion 
of individual rotifers was assessed by counting indigestible mouthparts 
(i.e., mastax) under a dissection microscope. For simplicity, ingestion 
data of the three age classes were combined into one data set of rotifer 
ingestion. 
This data was used to compare the shape of the density distribution 
of food ingestion rates across individuals with that obtained from the MP 
exposure experiment (n = 180). The differences in age and size distri-
butions between the data sets precluded a precise comparison but should 
allow us to gauge general trends in food vs. MP ingestion; e.g. to show 
whether low (and zero) ingestion rates of MPs are due to an aversion of 
plastics or reflective of natural variation in ingestion rates (and vice 
versa). 
2.7. Statistical analysis 
2.7.1. Repeatability 
All analyses were conducted in R (version 4.0.0). Visual inspection of 
the log-transformed frequency distribution of mean ingested particles 
per individual across the five trials indicated a strong dichotomy in the 
data (Fig. S3). We therefore employed univariate K-means clustering 
using the package Ckmeans.1d.dp (Wang and Song, 2011) to detect 
potential partitions in mean MP ingestion among individuals. The al-
gorithm yielded two clusters, the first representing individuals with 
relatively low (n = 32) and the other with high mean ingestion (n = 8), 
from here on referred to as low- and high-MP-ingestion group, 
respectively. 
Adjusted repeatability (R) of microplastic ingestion variation across 
the five trials was assessed using the package rptR (Stoffel et al., 2017) 
by fitting a Generalized Linear Mixed-effects Model (GLMM) with fish ID 
as random factor, a Poisson error distribution and sqrt link function 
(Nakagawa and Schielzeth, 2010). To control for the dichotomy of the 
low- vs. high-MP-ingestion group, we included a fixed factor group 
specifying the association of each individual to either cluster. Signifi-
cance of parameter estimates was assessed by 1000 permutations and 
95% confidence intervals (CIs) were generated using 1000 bootstraps. 
We assessed the potential relationship of particle ingestion with fish 
size in the full data set as well as within the high-MP-ingestion group 
only using a Generalized Linear Model (GLM) with a quasipoisson error 
distribution to account for overdispersion of MP counts. 
2.7.2. Startle response 
Nine individuals (4.1% of 222) showed no reaction to the startle 
stimulus and were removed from further analyses (see Results), leading 
to a sample size for startle response parameters of 41 and 172 in the 
control and MP treatment, respectively. We analysed the effects of MP 
exposure on startle response parameters (latency and strength) at three 
different levels of resolution regarding information on MP ingestion 
(Table 2). First, we tested for treatment-level effects, representing the 
basic level of analysis that most MP exposure studies pursue. The fixed 
factor treatment had two levels, control (n = 41) and plastic exposure 
(n = 172), which contained no information on MP ingestion. Second, we 
incorporated information on MP ingestion by grouping individuals 
within the plastic treatment according to MP gut content into a low-MP- 
ingestion (individuals with < 30 particles in their gastrointestinal tract; 
n = 144) and a high-MP-ingestion group (> 30 particles; n = 28). The 
threshold of 30 particles was chosen according to the identified split in 
the repeatability data set; tests of other thresholds (i.e., 50, 75, 100 
particles) yielded the same overall conclusions (data not shown). The 
fixed factor group thus had three levels (control, low- and high-MP- 
ingestion). Third, we assessed the linear relationship of the two 
response variables (latency and strength) with individual-level MP gut 
Table 2 
Levels of analysis to assess the effects of microplastic (MP) on startle response 
activity and latency in larval Sparus aurata. For each dependent variable, three 
models were run, testing the effect of exposure (Level 1: control vs. treatment), 
ingestion group (Level 2: control vs. low- vs. high-MP-ingestion) and individual- 






Treatment treatment categorical 1. control 
(n = 41) 
2. plastic (n = 172) 
Sub- 
sample 
group categorical 1. control 
(n = 41) 
2. low-MP- 
ingestion 
(n = 144) 
3. high-MP- 
ingestion 
(n = 28) 
Individual mp_count continuous  1. plastic (n = 172)  
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content within the total plastic treatment (n = 172; continuous fixed 
factor mp_count). 
We used information-theoretic model selection in the package 
MuMIn package (Barton and Barton, 2019) to identify the most parsi-
monious model out of six full models (two dependent variables × three 
levels of analysis) containing the following fixed effects: the 
above-described levels of analysis (treatment, group or mp_count), fish_size 
(continuous, in mm) and wall-distance (continuous, in mm), as well as 
their interaction terms. Given that during each trial, one testing plate 
containing six fish in individual Petri dishes was assessed, all models 
contained a random effect for ‘well location’ (position on the testing 
plate, 1–6) nested in ‘testing plate ID’. Models with ΔAICc > 2 from the 
best model were considered as not being supported by the data (Burn-
ham and Anderson, 2003). 
3. Results 
3.1. Repeatability 
Overall, there was high inter-individual variation in MP ingestion 
across the 40 fish (mean: 21.7 ± 54.5 SD; range: 0–290; CV = 2.51;  
Fig. 1A). Individuals either never ingested more than a few particles or 
they consistently ingested relatively large quantities (Fig. S3 and S4). 
Accordingly, cluster analysis yielded two clusters: a low-MP-ingestion 
(n = 32; overall mean across individual across five trials: 
0.98 ± 0.99 SD; mean range per individual: 0–4.4;) and a high-MP- 
ingestion group (n = 8; overall mean: 104.8 ± 57; mean range: 
30.6–198.2; Table S1). In only four instances did individuals from the 
high-MP-ingestion group consume less than 30 particles and no in-
dividuals from the low-MP-ingestion group ever consumed more than a 
maximum of 13 particles. 
Inter-individual variation in MP ingestion was significantly repeat-
able across the five trials when accounting for the dichotomy of low- and 
high-MP-ingestion individuals (R = 0.324 ± 0.086 SE; CI = 0.006; 
0.364; p < 0.001; Fig. S4). There was no difference in fish size between 
the low- and high-MP-ingestion groups (Welch Two Sample t-test: t10 
= − 0.737, p = 0.48). Mean particle ingestion across the five trials was 
not related to fish size in either the full data set (F1,38 = 1.868, p = 0.18) 
or within the high-MP-ingestion group (F1,6 = 1.024, p = 0.351). Ten 
individuals had MP particles remaining in their gut when they were 
dissected (mean: 4.8; range: 1–12). 
3.2. Startle response 
Particle ingestion in the MP treatment group was highly variable 
between individuals (mean = 20.1 ± 46.3; range: 0–218; CV = 2.4). 
The frequency distribution of MP ingestion was markedly right skewed 
(Fig. 1B); out of 180 individuals, 87 (48.3%) had ingested zero particles 
at the time of euthanasia, 63 (35%) had ingested 1–22 particles and 30 
(16.7%) had ingested more than 30 particles (16 out of which with over 
100 particles). Fish size ranged from 16 to 29 mm 
(mean = 21.4 ± 1.85). 
All but nine individuals showed a startle response reaction to the 
vibration stimulus (96% of 222). Of the nine that did not, one was from 
the control (2.4% of 42) and eight were from the plastic treatment (4.4% 
of 180). Of those eight individuals, four had ingested MP particles 
(mean: 41.5 ± 58.3, range: 1–125). 
At each level of analysis (Table 2), the best-fit models identified by 
AIC model selection for both response strength and latency contained 
either the MP-related factor only (i.e., treatment, group or mp_count), or 
were the null model (Table 3). At the treatment level (control vs. 
exposure), the best-fit model for response strength was the null model, 
carrying 87% of the cumulative model weight (CMW). At the MP- 
ingestion group level, the best-fit model contained group as the sole 
fixed factor (83% CMW). The inclusion of information about MP- 
ingestion thus revealed patterns not discerned by mere treatment-level 
analysis; within the MP treatment, high-MP-ingestion individuals 
showed lower response strengths than individuals with low-MP- 
ingestion (Fig. 2A+B). At the individual-level, the best-fit model con-
tained mp_count as the sole predictor (66% CMW), with the null model as 
a close second (ΔAICc < 2) (Fig. 2C). 
At the treatment- and cluster-level, the best-fit models for response 
latency contained treatment and group as the sole predictors, respectively 
(69% and 72% CMW). The effect of treatment was clearly driven by 
longer latencies in the high-MP-ingestion group (Fig. 2D+E). 
At the individual level, the best fit model for response latency was 
Fig. 1. Frequency distributions of inter-individual microplastic ingestion vari-
ation (A) during the repeatability experiment (mean ingestion across five 
repeated trials, n = 40), and (B) after the startle response experiment within the 
plastic exposure treatment (n = 180). K-means analysis split individuals in the 
repeatability experiment (A) in two clusters (i.e., low- [n = 32] and high-MP- 
ingestion individuals [n = 8]); for parts of the analysis, we split the plastic 
exposure treatment (B) accordingly (low- [n = 150] and high-MP-ingestion 
[n = 30]; see Fig. 2); dashed lines indicate the cluster separation threshold. 
Table 3 
Model selection summary for response activity and latency, based on the three 
levels of analysis for microplastic (MP) ingestion (see Table 2). Each full model 
contained fixed effects for MP exposure/ingestion, wall distance, fish size and 
their interaction terms, as well as a random effect for testing-well nested in test- 
plate-ID (see main text for further explanation). Only the best models and 





Model LogLik DF AICc Weight 
Response 
activity 
Treatment NULL 96.957 4 -185.7 0.868 
Sub-sample group 101.11 6 -189.8 0.829 
Individual mp_count 98.832 5 -187.4 0.657 
NULL 96.957 4 -185.7 0.288 
Response 
latency 
Treatment treatment -588.091 5 1186 0.688 
Sub-sample group -586.451 6 1185.3 0.715 
Individual NULL -590.811 4 1189.8 0.846  
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the null model (85% CMW). 
3.3. Food vs. MP ingestion 
To compare the overall shape of inter-individual variation in inges-
tion rates of MPs with that of live food, we included an existing data set 
of rotifer ingestion in larval S. aurata across three age classes (8, 13, 23 
dph; n = 287). Rotifer ingestion was highly variable between in-
dividuals (mean = 7.2 ± 13.5; range: 0–123; CV = 1.9). Density distri-
butions of rotifer and MP ingestion were remarkably similar in that they 
both formed a strongly leptokurtic, right-skewed distribution with a 
long, flat tail (Fig. 3). In other words, the majority of individuals 
ingested little to no food and/or MPs, while a few individuals ingested 
variable but large quantities. This overlap in density distributions of 
ingestion rates between rotifers and MPs was observed despite a 100- 
fold difference in exposure concentrations and a 4-fold difference in 
exposure time (MPs: 1 ml− 1 for 2 h; rotifers: 100 ml− 1 for 0.5 h). 
4. Discussion 
Our findings demonstrate that inter-individual MP ingestion varia-
tion is high and repeatable in settlement-stage Sparus aurata, and that its 
incorporation into exposure experiments can reveal hidden impacts 
within a given exposure level. While mere comparisons of control vs. 
exposure treatment did not detect any impact on startle response 
strength, the integration of individual-level gut content revealed a 
marked decrease in individuals with high MP ingestion rates (Fig. 2), 
presumably because MP exposure did not affect all individuals equally. 
MP exposure had a detectable effect on startle response latency at the 
treatment-level. Yet importantly, the inclusion of information on MP- 
ingestion revealed that this pattern was driven by markedly longer la-
tencies in the high-MP-ingestion group. Collectively, our findings indi-
cate that consistent inter-individual variation in MP ingestion may have 
Fig. 2. Effects of MP exposure on scaled startle response strength scores (A, B, C) and response latency (D, E, F) at different levels of analysis (Table 2). A + D 
treatment-level comparisons (control, n = 41 vs. plastic, n = 172); B + E cluster-level comparisons of MP-ingestion clusters within the treatment: (1) low- (< 30 
ingested particles; n = 144) and (2) high-MP-ingestion individuals (> 30 particles; n = 28); E + F individual-level analysis of MP-counts in fish gut contents. Cluster- 
(B) and individual-level (C) analyses revealed marked impacts on response strength in high-MP-ingestion individuals that was not discernible at the treatment level 
(A). Treatment-level impacts on response latency (D) were driven by markedly slower reactions in the high-MP-ingestion cluster (E). 
Fig. 3. Congruence of density distributions of individual food and microplastic 
(MP) ingestion rates. Lines represent the 180 Sparus aurata individuals exposed 
to 1000 MPs l− 1 prior to the startle response experiment and a combined group 
of larvae of different age classes (8, 13, 23 days post hatching) fed with rotifers 
in a previous study (China and Holzman, 2014). 
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important consequences for juvenile fish. 
4.1. Potential mechanisms of MP impacts 
While the underlying mechanisms of the observed MP impacts have 
not explicitly been investigated here, we can infer potential pathways 
from previous research. The observed behavioural impacts in high-MP- 
ingestion individuals may in part be driven by decreased energy effi-
ciency imposed by the ingestion indigestible particles (Watts et al., 
2016; Wen et al., 2018; Yin et al., 2018). Initial MP exposure could thus 
lead to positive feedback loops, where a higher demand for nutritional 
resources leads to a further increase in MP uptake (Montiglio and Roy-
auté, 2014). The sheer amount particles ingested by some individuals 
(Fig. S1) may also have affected mobility by simply overburdening the 
fish. 
Alternatively, or additionally, behavioural impacts may stem from 
leachates of toxic compounds from the MP particles. Similar Poly-
ethylene particles to the ones used in this study were shown to leach 
trace amounts of bisphenol and phthalates (Chae et al., 2019). Phtha-
lates were shown to decrease the function of acetylcholine esterase 
(AChE) activity in muscle tissue in freshwater fish (Ghorpade et al., 
2002), which could explain the poorer escape responses observed in 
high-MP-ingestion individuals. Regardless of the specific mechanisms 
behind the observed effects, inter-individual variation in MP ingestion 
may have far reaching ecological consequences. 
4.2. Effects of inter-individual MP ingestion variation on natural systems 
Food limitation and predation are considered to be key factors 
affecting survival in the early life stages of marine fishes (Almany and 
Webster, 2006; Peck and Hufnagl, 2012). The ‘bigger-is-better’ hy-
pothesis stipulates links between high ingestion rates, increased larval 
growth and enhanced survival through reduced vulnerability to preda-
tion (Meekan et al., 2006; Miller et al., 1988). Our findings indicate that 
this fundamental framework may be disrupted by MP contamination. 
In line with other recent MP exposure studies (Table 1), we found 
that MP ingestion is highly variable among individuals of the same 
cohort. Importantly, this variation was significantly repeatable, indi-
cating that a certain proportion of the population (here approximately 
20–25%) will consistently be more affected by plastic pollution than 
others because of inherent differences in MP ingestion rates. 
Intake rates of natural food items have long been known to vary 
among individuals (MacKenzie et al., 1990) and high ingestion rates 
would typically denote a trait of selective advantage (Houde and 
Schekter, 1980). Our data indicates that inter-individual variability in 
ingestion rates of natural food items and MP particles follow similar 
trends (Fig. 3), with the majority of individuals exhibiting relatively low 
uptake. In systems with high MP pollution, high ingestion rates may thus 
entail a fitness trade-off, and individuals that would normally be most 
likely to constitute successful recruits (bigger-is-better) may be the ones 
most affected by adverse effects of MP ingestion. 
Because of their small size and limited ability to regulate their in-
ternal environment, early life stages of marine organisms are particu-
larly vulnerable to pollution (Sussarellu et al., 2016; Weis and Weis, 
1989). At the same time, pelagic larvae may be more exposed to MPs 
than adult stages because they tend to aggregate in oceanographic fea-
tures, such as surface slicks and eddies, which also accumulate high 
concentrations of plastic particles (Gove et al., 2019; Markic et al., 
2018). Inherent and consistent inter-individual variation in the prone-
ness to ingest MP particles during the larval stage may thus affect larval 
condition directly, but also entail carry-over effects for subsequent life 
stages. 
During the settlement process, predation constitutes a major selec-
tive pressure (Almany and Webster, 2006) and reactivity to a predator 
strike is a key factor affecting an individual’s likelihood of survival 
(McCormick et al., 2018). Here, we show that both the overall strength 
of the escape response and response latency are markedly reduced in 
individuals with high MP intake rates (Fig. 2). Collectively, these im-
pacts may directly translate to increased vulnerability to predation 
(Domenici, 2010; McCormick et al., 2018; Scharf et al., 2003). Our re-
sults corroborate recent findings of increased predation-related mor-
tality in MP exposed individuals of juvenile damselfish, Pomacentrus 
amboinensis, on artificial patch reefs (McCormick et al., 2020). We 
should note that S. aurata is a social species that typically lives in shoals 
after settlement. The group dynamics that drive escape performance in 
shoals varies from that of more solitary species, such as P. amboinensis. 
Here, we may actually have underestimated the effects of MP 
ingestion on both response variables because some high-MP-ingestion 
individuals may have cleared their gut contents right before the exper-
iment, leading to their erroneous classification as low-MP-ingestion in-
dividuals upon dissection. This could also explain the overlap of startle 
response values between the two groups; i.e., why we may have 
observed very low response strengths and high latencies in the low-MP- 
ingestion group (Fig. 2B+E). However, this is hypothesis is speculative. 
Overall, our findings indicate that consistent inter-individual varia-
tion in MP ingestion may affect key behavioural capacities during a 
critical life history transition. Microplastic pollution may thus alter 
patterns of replenishment in marine fish populations by disproportion-
ately affecting high-(MP)-ingestion phenotypes. 
4.3. Impact of inter-individual MP ingestion variation on exposure studies 
Microplastic exposure studies have been proliferating at an expo-
nential rate over the past decade. Despite frequently using exceedingly 
high exposure concentrations, these studies often yield inconsistent re-
sults regarding potential adverse effects. Some studies report significant 
reductions in feeding rates, growth, body condition, swimming speeds, 
as well as altered behaviours and differential gene expression in exposed 
fishes (Barboza et al., 2018a, 2018b; Choi et al., 2018; de Sá et al., 2015; 
Mazurais et al., 2015; Naidoo and Glassom, 2019; Yin et al., 2018). In 
contrast, other research found no or limited evidence for adverse effects 
on comparable endpoints (Critchell and Hoogenboom, 2018; Jacob 
et al., 2019; Mazurais et al., 2015; Tosetto et al., 2017). Similar in-
consistencies prevail across taxa and may stem from differences in 
experimental design (e.g. exposure concentration or duration, particle 
type or polymer) or possible inter-species variation in MP tolerances 
(Foley et al., 2018; Phuong et al., 2016). 
Our findings indicate that inconsistencies may also arise from a lack 
of consideration for individual-level effects in the majority of past 
exposure studies. In our analysis, effects of MP exposure on escape 
strength were masked by the large proportion of individuals in the 
sample (75–80%) that ingested limited numbers of particles. Only the 
incorporation of individual-level MP ingestion data revealed the exis-
tence of significant behavioural effects. 
4.4. Mechanisms of inter-individual MP ingestion variation 
Field surveys of microplastic ingestion patterns in marine organisms 
have been a major research focus over recent years. These studies 
typically yield high within-species variation in the number of ingested 
particles (Egbeocha et al., 2018; Markic et al., 2019), yet the underlying 
mechanisms of MP ingestion variation have only recently become the 
focus of increased research interest. 
Several past studies have focused on possible external drivers of MP 
ingestion and found that particle characteristics may affect the likeli-
hood of ingestion, including size (Hoang and Felix-Kim, 2020), colour 
(Mizraji et al., 2017; Ory et al., 2018), presence of biofilms (Müller et al., 
2020; Peterson et al., 2017; Procter et al., 2019; Vroom et al., 2017), 
appearance (food-like vs. non-food-like) and density (Roch et al., 2020). 
Ingestion of MPs was also shown to be affected by temperature (Wen 
et al., 2018) and the presence/absence of genuine food (Kim et al., 2019; 
Roch et al., 2020). 
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Few studies to date have looked into intrinsic factors driving inter- 
individual MP ingestion variation. Across species, feeding mode was 
shown to be an important factor, involving higher MP ingestion in 
species with visual compared to chemosensory foraging modes (Roch 
et al., 2020) and in generalist compared to specialist feeders (Markic 
et al., 2019; Vroom et al., 2017; but see Bråte et al., 2016). Within 
species, gut-fullness and fish size have been implied as potential corre-
lates of MP ingestion, but results are inconsistent across studies. Field 
surveys have reported both existing (Bråte et al., 2016) and non-existing 
(de Vries et al., 2020) relationships of organic stomach content with MP 
particle ingestion. In our repeatability experiment, we have attempted 
to standardise gut-contents by isolating individuals and feeding them 
exactly the same amount of food before and during the experiment. 
While it is difficult to eliminate this effect entirely, any influence of 
hunger level on MP ingestion variation should thus have been minimal. 
Inconsistent results have also been reported for fish size. While Roch 
et al. (2020), for instance, report a significant positive relationship of 
fish length with MP ingestion, other studies found no or little correlation 
(de Vries et al., 2020; Nanninga et al., 2020). Here we found no rela-
tionship of ingestion rates with fish size in either experiment (i.e., 
repeatability and escape response), further pointing towards a limited 
role of body size as a predictor for MP ingestion. 
Recent evidence suggests that MP ingestion may instead be 
phenotype-dependent in marine fishes. Nanninga et al. (2020) examined 
individual-level MP ingestion rates in conjunction with behavioural 
profiles in juvenile anemonefish, Amphiprion ocellaris, and found that 
ingestion variation had a significant relationship with repeatable ac-
tivity levels. Based on these findings and the results of this study, we 
may hence expect differential MP exposure along the pace-of-life con-
tinuum (Réale et al., 2010), where individuals at the higher end of the 
spectrum (i.e., characterised by high metabolism, activity and ingestion 
rates) consistently consume higher quantities of MPs than individuals at 
the lower end of the spectrum. 
4.5. Conclusions 
Our findings corroborate recent calls for a more frequent integration 
of individual-level analyses into impact studies of anthropogenic con-
taminants. Exploring and accounting for inter-individual variation 
might be especially relevant for the emergent field of MP ecotoxicology. 
Most anthropogenic stressors (e.g., temperature rise, ocean acidifica-
tion, pesticide or heavy metal pollution) typically affect individuals 
passively and more or less uniformly upon exposure. In contrast, plastic 
particles are likely to induce adverse effects only upon ingestion 
(depending on ‘particle size to fish size’ ratios). Consistent differences in 
the propensity to ingest MP particles may thus lead to uneven exposure 
within treatments and/or populations. Individuals that would naturally 
gain selective benefits via high food ingestion rates may be the ones 
most affected by MP pollution. Overall, we advocate the incorporation 
of individual-level MP ingestion data into future exposure studies of 
microplastics. 
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